Ultrasonic mist pyrolysis was applied to electrode preparation for solid oxide fuel cell (SOFC) type reactor. La1.8Al0 .2O3 anode catalyst was prepared on heated YSZ substrate by the pyrolysis of the mist of lanthanum nitrate and aluminum nitrate mixed aqueous solution generated by ultrasonic transducer. Among several preparation methods, this process was most effective for the activity of anode catalyst. Operating conditions such as aqueous solution concentration, temperature and ultrasonic power were examined. The effects of these conditions on the particle characteristic such as supported amount and size were investigated. Changes of catalyst in the crystallographic characteristics were also evaluated by XRD. The particle size of the anode catalyst on YSZ substrate was found to be important for the oxidative coupling of methane in SOFC reactor. Smaller particle size was preferred for this reaction. The particle size could be easily controll ed by the operating conditions of ultrasonic mist pyrolysis and then optimum preparation condition was con firmed.
Introduction
Solid oxide fuel cell (SOFC) system has been attracting a lot of attention as a future energy system. For SOFC, yttria stabilized zirconia (YSZ) is a well-known solid electrolyte in which the electrical conduction is due to oxygen ion transportation in a lattice with anion vacancies. YSZ is also used as an oxygen-permeate-membrane in many resear ches.1)-10) The preparation of electrode catalyst is one of the most important technologies for the improvement of the system efficiency.10) Novel preparation methods are desired to form either ultra thin layer or ultra fine particles. Physical preparation methods such as screen print and plasma spray have been studied extensively.11) Screen print gave poor anode adhesive property, and formation of insula tion phases. Plasma spray was found to have excellent adhesive property, but the apparatus was complicated and difficult to control the operating conditions. Ultrasonic mist pyrolysis has been developed for the preparation of several fine oxide powders,12), 13) This method is simple and can be easily controlled by the operating condition. The mist of aqueous solution with in organic salts generated by ultrasonic transducer was heated at high temperature in the air flow to be dried, decomposed and then crystallized. This method had been applied suc cessfully to the preparation of fine powder catalysts for ox idative coupling reaction of methane.14), 15) The application of this method for the preparation of thin layer electrode at tracted attention in recent years.16)- 19) In the previous study, an important application of SOFC system to a chemical reaction system was proposed.20) The designed fuel cell type reaction system was as follows; air/cathode (LaSrMnO)/YSZ/anode (selective oxidation catalyst)/methane.
Both ethane and ethene were selective ly produced by this system without CO2 production.
2CH4+(1 or 1/2)O2=C2H4 or C2H6+(2 or 1)H2O This system could provide an electric power directly from the energy of partial oxidation reaction1)-3) as well as valuable oxidation products. Mixed oxide of La2O3 and Al2O3 (abbreviated as LaAlO) was the most efficient anode for this purpose.14)
In this study, a noble preparation method for fine particle anode of LaAlO on YSZ substrate using ultrasonic mist pyrolysis was proposed and then physical and chemical pro perties of anode catalyst particles were also discussed. 
was placed in the reservoir (1). When electric current was applied to the ceramic transducer (1.7MHz) (3), the mist of solution was generated. The mist was delivered to the YSZ substrate (5) in the air flow using an aspirator (8 Paste method Paste method was one of the typical methods for the ox ide electrode preparation. Firstly, LaA fine powders were prepared as follows: mixed aqueous solution of lanthanum nitrate (La(NO3)36H2O) and aluminum nitrate (Al(NO3)3 9H2O), (La:Al=9 :1) was charged as droplets into a red heated quartz crucible. Then it was pounded to fine powders, mixed with glycerol and then pasted onto the YSZ substrate. Finally, it was calcined at 1173K for 3h.
2.2.3
Nebulizer method Mixed aqueous solution of lanthanum nitrate (La(NO3)3 6H2O) and aluminum nitrate (Al(NO3)39H2O), (La: Al=9:1) was introduced to nebulizer with two-fluid noz zle. Mixed aqueous solution was sprayed manually on YSZ substrate heated at 463K. The temperature should careful ly be controlled at 463K, because at higher temperature YSZ might be broken by the contact with mist of solution. The spray condition was manually adjusted.
2.3 Anode catalyst particle measurement The average diameter of particle was estimated from scanning electron microscope (SEM; JEOL, Super probe 733) by Martin method. The crystal phase was identified by powder X-ray diffraction (XRD; Rigaku, Geiger flex with Cu K).
Results and discussion
Both physical properties and chemical reactivities of anode catalyst were investigated in this study. The effects of ultrasonic spray pyrolysis on the preparation of anode catalyst were investigated based on this view point.
3.1 Effect of preparation methods Three different preparation methods were examined for LaAlO anode catalysts on YSZ substrate. Those were paste method, nebulizer method and ultrasonic mist pyrolysis method. Figure 2 shows the SEM photographs of the anode catalyst prepared by these methods.
In the paste method, the adhesive property of anode catalyst to YSZ was very poor and it could be easily peeled off. In this method, LaAlO particles have already been ox idized before mixing with glycerol. Therefore, the stable adhesion of these particles might prevent to interact with YSZ substrate. The microstructure of the anode catalyst showed big block-like structure from SEM observation ( Fig. 2 (a) ).
In the nebulizer method, anode catalyst was crack-egg shell-like structure and decrease the adhesive property at the lower temperature. When the temperature and the amount of sprayed solution were adjusted, the adhesive pro perty was improved and the porous plate structure of anode catalyst was formed ( Fig. 2 (b) ).
The ultrasonic mist pyrolysis at the standard operating condition gave good adhesive property, but the amount of the mist supported was limited because large part of the mist passed through the chamber without contacting the YSZ substrate. The ultrasonic mist has a uniform size. Then, the residual mist after drying should give particles with good dispersion. In the latter two methods, the nitrate solution was decomposed to form the oxide on the heated substrate. This solid state reaction might be effected by the crystalline structure of YSZ substrate and this may be the reason for having good adhesive property. Finally, when YSZ was heated at 1173K, the drops of aqueous solution on YSZ became particles with diameter as small as 5-10m (Fig. 2 (c) ). The wetting of the YSZ surface was caused by the continuous operation of ultrasonic mist pyrolysis and did not give the desired anode material. 
3.2
Effect of ultrasonic mist pyrolysis operation 3.2.1
Effect of concentration of salts solution Figure 4 shows the effect of concentration of mixed nitrate solution on pyrolysis. It can be seen from SEM obser vation that small particle size is not obtained at high concen tration. The relation between concentration and catalyst weight, particle size is shown in Fig. 5 . At high concentra tion, the amount of anode catalyst supported increased with increasing the particle size. If the mist size generated by the constant ultrasonic power is always the same, the higher concentration gives larger residual particles after drying. The electrochemical reaction usually occurs at the phase boundary of YSZ, electrode and gaseous reactant. Therefore, the large amount of small particle was required for methane coupling reaction in order to increase the number of active sites. 5 mass% was selected the optimum concentration because it could provide particles small enough with a reasonable supported amount. Relation between concentration and catalyst weight, parti cle size.
3.2.2
Effect of operating temperature Figure 6 shows the effect of temperature of YSZ substrate.
Low temperature is not good for anode catalyst preparation because the water of aqueous solution in the mist deposited on YSZ can not be easily vaporized within the treatment time and combined with each other to form larger drops and dried into bulky structure afterwards. On the other hand, at high temperature, the mist solution on the YSZ surface can easily be dried and decomposed to form the small particles. Particle size obtained was about 5 m at 523K. However, higher temperature than 523K should be avoided for preparation because YSZ could be broken when contacted with the mist. Relation between temperature and catalyst weight, parti cle size. Figure 7 shows the relation between temperature and catalyst weight, particle size of anode catalyst. Both sup ported amount and particle size decrease with increasing the temperature.
Water in the mist was vaporized on the YSZ surface. At higher temperatures, the rate of vaporiza tion might be higher and would reduce the amount of mist attached to the YSZ surface. This might be the reason for the decrease in weight of supported amount at higher temperatures.
On the other hand, at lower temperature the supported amount is high and the particle size is large. These results show that the operation at higher temperature is preferable for anode catalyst even the sup ported amount is low. Figures 8 and 9 show the effect of ultrasonic out put on the weight and the particle size of the anode catalyst. As can be seen from SEM photographs, the number of particle increases with increasing the out put, but the catalyst parti cle size is not varied. As shown in Fig. 9 , the catalyst parti cle size is not related to out put, but the anode catalyst weight is increased at the higher out put. Therefore, higher out put is preferable for the efficient anode catalyst prepara tion. It was clear from these results that the weight of catalyst could be controlled by various operating conditions, but the catalyst particle size was only depended on the concentra tion and temperature. Table 1 summarizes the relation bet ween various operating conditions and catalyst weight, particle size and adhesive property. The signs () and () in Table 1 indicate that the properties are increased and decreased, respectively, with the increase of operating condition. The catalyst weight and particle size increase at high concentration, but the adhesive property decrease. This result indicates that very high concentration is not ap preciable to preparation of anode catalyst. However, high temperature condition is suitable for anode catalyst prepara tion because particle size is small and adhesive property is improved. Due to the fracture of YSZ substrate, the op timum temperature for anode catalyst preparation is 503K.
Effect of ultrasonic out put
3.2.4 XRD measurement It was found in the previous studies123) that the struc ture of LaAlO catalyst controlled the catalytic activities for gas phase catalytic oxidative coupling of methane. Figure 10 shows the typical XRD patterns of the anode catalyst. Both cubic and hexagonal structures of La2O3 were observed in addition to typical YSZ structure. The fraction of cubic and hexagonal phase depend on the operating conditions such as aqueous solution concentra tion. For example, in the change of concentration of mixed aqueous solution, the 2.5 mass% sample gave dominated peaks of La2O3 with hexagonal structures (Fig. 10 (a) ), but at the 10 mass% condition, La2O3 with cubic structure dominated ( Fig. 10 (b) ). In 10 mass% sample, some other unknown peaks were also observed. Figure  11 shows the influence of solution concentration on hexagonal and cubic phase. Representative peaks of cubic and hexagonal of La2O3 were normalized by the peak of YSZ. The fraction of hexagonal phase slightly increased with the concentration, but the fraction of cubic phase con siderably increased at higher concentration. It is in good agreement with our previous report that the formation of cubic structure was favorable in La2O3 fine particles prepared by the mist pyrolysis.14) However, the particle sizes were small and had the tendency to be easily influenc ed by the structure of base medium of YSZ substrate at lower concentration, because the lattice constant of hex agonal structure of La2O3 {100} is close to that of cubic structure of ZrO28Y2O3 111>. And then adhesive proper ty of catalyst on YSZ substrate was improved by the stabilization of La2O3 structure to hexagonal phase. With higher concentrations, the particles become larger and the stabilization to YSZ structure might be limited to the few layers at the interface of La2O3 and YSZ. The residual La2O3 would stabilize to cubic phase. Relation between particle size and C2, CO2 reaction rate at 1173K.
3.2.5
Reactivities Anode catalyst mentioned above was tested in the fuel cell type reactor for oxidative coupling of methane, C2 com pounds (ethane and ethene) were produced selectively. The activities of anode catalyst was clearly depended on the particle size. Figure 12 shows the effect of particle size on the formation of ethene, ethane and carbon dioxide. Small particle size led to form ethene and ethane. The reaction was quite selective and formation of CO2 was slight. The for mation of CO2 was independent of the particle size.
Conclusion
Ultrasonic mist pyrolysis was applied to the preparation of anode catalyst of SOFC-type reactor. The elec trochemical reaction occurred in three phases interface of YSZ, electrode and gas. Therefore, smaller LaAlO anode catalyst particles on YSZ substrate were suitable to form a large number of active sites. It was found that the particle size was varied by the operating conditions as follows.
(1) Very high concentration of aqueous solution was not appreciable for anode catalyst because of larger particle and the poor adhesive property.
(2) High temperature was preferable, but higher temperature might lead to the breakage of YSZ substrate. The optimum temperature was 503.
(3) The particle size was independent on ultrasonic out put, but at the higher out put, large amount of particles were formed. Therefore, higher out put is suitable for the preparation of anode catalyst.
(4) The smaller particles were stabilized to a hexagonal structure, but the effect was limited to the interface and cubic structure dominated with larger particles.
(5) The reactivities of anode catalyst were dependent on the particle size. Then, smaller particle size was preferable for the C2 production.
